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ABSTRACT
Iodination within the thyroid follicle is intimately associated with a thyroid peroxidase . In
order to locate the in vivo site of iodination, the initial cytochemical appearance of this
enzyme has been determined in fetal rat thyroid and its presence correlated with the onset
of iodinated thyroglobulin synthesis . Peroxidase first appears in follicular cells during the
18th day of gestation. It is seen first in the perinuclear cisternae, the cisternae of the endo-
plasmic reticulum, and within the inner few Golgi lamellae . These organelles presumably
represent sites of peroxidase synthesis . During the 19th and 20th days of gestation, there is a
tremendous increase in peroxidase activity . In addition to the stained sites described, there
are now many peroxidase-positive apical vesicles in the follicular cells . Newly forming fol-
licles stain most conspicuously for peroxidase, the reaction product being heavily concen-
trated at the external surfaces of apical microvilli and in the adjacent colloid . Iodinated
thyroglobulin becomes biochemically detectable in thyroids during the 19th day of gestation
and increases greatly during the 20th day . The parallel rise in peroxidase staining that just
precedes, and overlaps, the rise in iodinated thyroglobulin, suggests that apical vesicles and
the apical cell membrane are the major sites of iodination within the thyroid follicle .
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INTRODUCTION
The rat thyroid gland does not begin to function
until late in fetal life (8, 9) . During the 17th day
of gestation thyroglobulin, or a precursor with
similar immunochemical specificity, has been
identified in rat thyroid by fluorescence micros-
copy (8). This material increases in amount from
the 17th to the 20th day of gestation, and the
iodide concentration of the gland increases expo-
nentially during this time . Such evidence suggests
the onset of thyroid hormone synthesis .
The process of synthesizing the biologically
active thyroid hormones triiodothyronine (T3)
and thyroxine (T4) includes the following steps
(26) . Iodide is actively transported from the circu-
lation into the follicular cell. In the cell it be-
comes oxidized to an ionic species that, in turn,
iodinates the tyrosyl residues of thyroglobulin to
yield, first, monoiodotyrosine (MIT) and then
diiodotyrosine (DIT) . The coupling of these
iodotyrosines results in the formation of Ta and
T4. It is thought that the oxidation of iodide to a
state in which it can iodinate tyrosyl residues is
catalyzed by a thyroid peroxidase (26) . Therefore,
until this enzyme is present in developing follicu-
lar cells it is assumed that the iodination of thy-
roglobulin (and hormone synthesis) does not
occur.
A cytochemical technique has made it possible
to localize endogenous thyroid peroxidase at the
fine structural level (31). This method was
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when and where peroxidase first appears in differ-
entiating follicular cells, and to establish whether
or not its presence is correlated with the initial
formation of iodinated thyroglobulin.
MATERIAL AND METHODS
Fine Structure and Cytochemistry
38 pregnant Sprague-Dawley rats, ranging in ges-
tation from the 15th through the 20th day, were used
in this study. (The 1st day of gestation was deter-
mined by the presence of a vaginal plug .) For electron
microscopy and cytochemistry, 82 embryos from 15
rats were visualized in a dissecting microscopy and
their thyroid glands were carefully removed . These
included five embryos in the 15th day of gestation, six
in the 17th day, 25 in the 18th day, 37 in the 19th
day, and nine in the 20th day. The thyroids were cut
into tiny pieces and fixed at room temperature for
40 min in either % or % strength paraformaldehyde-
glutaraldehyde fixative (14), then transferred to 0.2 M
sodium cacodylate buffer, pH 7.4, and stored over-
night in the refrigerator. For fine structural study, the
tissue was postfixed either in Millonig's osmium
tetroxide-containing fixative (20) or in 2% Os04 buf-
fered to pH 7.4 with 0.1 M s-collidine (2), before being
dehydrated in ethanol and embedded in Epon (18).
For the cytochemical demonstration of endogenous
peroxidase activity, thyroid tissue was incubated
before postosmication in 0 .05 M Tris-HCI buffer, pH
7.6, containing 0.05% 3,3'-diaminobenzidine tetra-
hydrochloride (DAB) (Sigma Chemical Co., St.
Louis, Mo.) and 0.0025% H202 (31) .
In order to determine the presence of peroxidase
activity, 3-µ-thick sections of incubated thyroid tissue
were cut. They were examined in a Zeiss Ultraphot
II light microscope, and representative ones were
photographed on Kodak Panatomic-X film. Thin
sections were then cut on an LKB microtome. The
sections were either left unstained, stained lightly
with lead citrate (38), or double-stained with uranyl
acetate (39) and lead before being examined in a
Philips 200 electron microscope.
Determination of Iodinated Thyroglobulin
For the determination of iodinated thyroglobulin,
rats in the 17th, 18th, 19th, and 20th days of gestation
were used. 24 hr before the removal of the fetal
thyroids, the pregnant rats were injected intraperi-
toneally with 15 µCi ofNa.125I (New England Nuclear
Corp., Boston, Mass.). Thyroid glands from 34 em-
bryos in the 17th day of gestation, 44 in the 18th day,
29 in the 19th day, and 46 in the 20th day of gestation
were removed. Glands from separate ages were pooled
in 2 ml of 0.26 M sucrose (buffered to pH 7.4 with
0.1 M Tris-HCI buffer), and homogenized at 4 °C.
The homogenates were centrifuged for 60 min at
105,000 g in a Beckman L2-65 ultracentrifuge with a
Spinco Type 50 Ti rotor head (Beckman Instru-
ments) . The supernatants were removed and dialyzed
at 4°C against 0.01 M phosphate buffer, pH 7.4, for
3 hr (in order to eliminate the sucrose) before being
layered on 5-20% sucrose gradients. The sucrose
gradients were centrifuged at 65,000 g for 40 hr in a
Spinco SW 25.3 rotor head. Human thyroglobulin
standards were treated identically in order to permit
comparison of their 19S peak with those in the fetal
thyroid samples. The sucrose gradient fractions were
read at 280 mµ in a Beckman DC spectrophotometer
and graphed with a Gilford automatic absorbance
recorder (Gilford Instrument Company, Oberlin,
Ohio). The fractions were then collected and counted
for 1251 activity in a Nuclear-Chicago Automatic
Gamma well counter, Model 1085 (Nuclear-Chicago
Corporation, Des Plaines, Ill.). Protein was deter-
mined by a modification of the method of Lowry et al .
(17)_ 1
OBSERVATIONS
Cytochemical Observations
Light microscope observations of sections from
fetal rat thyroids removed during the 17th day of
gestation do not show cytochemical evidence of
endogenous peroxidase activity (Fig . 1). At this
stage of maturation, the cells are still arranged in
epithelial sheets, although an occasional cluster of
cells may be observed. Observations of thyroid
glands from the 18th day of gestation reveal the
first cytochemical appearance of endogenous
peroxidase within the cells. This earliest detect-
able sign of the enzyme is easily overlooked in
3µ-thick sections of incubated tissue (Fig. 2). (The
intense staining in red blood cells is due to the
peroxidatic effect of hemoglobin, Fig . 2.) Careful
scrutiny of the sections is necessary in order to
distinguish some cells which display a faint cyto-
plasmic staining. On the basis of light microscopy
alone, however, one would have difficulty being
certain that thyroids in the 18th day of gestation
possess peroxidase activity. At this stage of devel-
1 Although we do not have immunological proof of
thyroglobulin, nor do we have proof of the presence
of iodinated amino acids, what we are determining is
the appearance of a protein at the position on the
sucrose gradient where thyroglobulin runs, and which
is iodinated with
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groups, although follicles have not yet formed.
By electron microscopy, peroxidase activity is
still not evident within the cells of thyroids re-
moved from embryos during the 17th day of gesta-
tion (Fig. 5). The cells lie clustered together and
are attached to one another through prominent
junctions. Their cytoplasm is filled with ribo-
somes, and occasionally a rare profile of rough
endoplasmic reticulum can be seen. An occasional
cell exhibits what appears to be the beginning of
a Golgi region, but membranes are very scarce at
this stage of development, and ribosomes (scat-
tered free or organized into polyribosome aggre-
gates) predominate in the cytoplasm. The cells
are actively dividing, and their prominent nucleoli
are commonly observed.
Electron microscope observations verify the
presence of thyroid peroxidase during the 18th
day of gestation (Figs . 6, 7) . Early in the 18th
day, only an occasional cell displays the reaction
product, and so unless unstained sections are exam-
ined it is easy to overlook this earliest cytochemi-
cal evidence of the enzyme . The perinuclear
cisternae and the cisternae of the endoplasmic
reticulum are sites at which the staining is first
evident (Fig. 6). Although only a few profiles of
rough endoplasmic reticulum exist in the cells at
this stage of development, they all appear to con-
tain the dark cytochemical reaction product . A
number of small vesicular inclusions lying along
the peripheral borders of the cells also contain
the reaction product (Fig. 7). Although the origin
of these inclusions cannot always be ascertained,
many of them have been identified as cross-sec-
tioned profiles of the rough endoplasmic reticu-
lum. The Golgi apparatus is present and in for-
tuitous sections its inner few lamellae stain for
peroxidase (Fig. 7) . In most cells cytoplasmic
ribosomes do not stain for peroxidase, but some-
times in cells that have just divided the ribosomes
are darker and appear to be stained. Occasionally,
the outer border of lipid droplets (Fig . 6) and the
membranes of mitochondria (Fig . 9) are also
positive. Microvilli exist along the cell surfaces
and often intervene to separate the attached cells .
Occasionally, just outside the microvilli, colloid-
like material is seen, but neither it nor the mem-
branes of the microvilli stain for peroxidase ac-
tivity. These areas in which colloid-like material
exists presumably represent the beginning of fol-
licle formation. They are thought to become con-
tinuous with the deep extracellular spaces that
invaginate into the apical regions of cells in 18-day
fetal rat thyroids. As maturation continues, the
extracellular colloid-containing regions will ex-
pand as more colloid is secreted by the cells .
When a single layer of follicular cells envelops
FIGURES 1-4 are unstained 3-s-thick sections of rat thyroid glands that have been incubated for the cyto-
chemical localization of endogenous thyroid peroxidase . The dark reaction product represents sites of
peroxidase activity.
FIGURE 1 17th day of gestation. The cells do not yet show cytochemical evidence of peroxidase . Inter-
cellular spaces (arrow) mark the boundaries between cells which are attached to one another in epithelial
sheets. A single red blood cell stains darkly owing to the peroxidatic effect of its contained hemoglobin .
X 40.
FIGURE 2 18th day of gestation. The cells have clustered into groups, but follicles have not yet formed.
At this stage peroxidase activity is first detectable, as evidenced by the dark reaction product outlining
nuclei (N) and staining the cytoplasm in a few of the cells (arrow) . Red blood cells are intensely stained .
X 40.
FIGURE 3 19th day of gestation. An increase in peroxidase activity is clearly evident in this section . The
dark reaction product is heavily concentrated at the cell-colloid interface of newly formed follicles (ar-
rows). The cytoplasm of follicular cells also stains for peroxidase activity, outlining the unstained nuclei
(N). X 40.
FIGURE 4 Perfused adult thyroid gland. Endogenous thyroid peroxidase activity is seen within follicular
cells. Although microvilli are not resolvable at this magnification, the cytochemical reaction product is
concentrated along the apical cell borders (arrows) and often appears as a dark line . Follicular cell nuclei
(N) and parafollicular cells (P) do not stain for peroxidase. X 25.
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165FIGURE 5 Electron micrograph of a rat thyroid gland in the 17th day of gestation that has been incu-
bated for thyroid peroxidase activity. The cells do not yet display cytochemical evidence of peroxidase .
They lie clustered together in sheets, and, although wide extra-cellular spaces separate them (ES),
they are attached to one another through prominent cell junctions (J) . Clusters of ribosomes fill the
cytoplasm of these cells, and peripheral microvilli (MV) project from them. A few scanty profiles of
endoplasmic reticulum (ER) are just beginning to make their appearance. Section stained lightly with
lead citrate. X 12,400.
the collid-like material, a typical follicle will be
formed. The cells lining a mature follicle are
polarized so that their apical xicrovilli project
into the colloid and their basal surfaces lie oriented
towards the parafollicular capillaries.
A sharp increase in endogenous thyroid peroxi-
dase is observed during the 19th and 20th days of
gestation (Figs. 3, 8, 9). At this time, the cells have
become organized into follicles. In the light micro-
scope the staining is seen heavily concentrated in
the colloid of newly forming follicles, near the
apical ends of follicular cells (Fig. 3). The product
accumulates in such a way as to outline the periph-
ery of the colloid (Fig . 3) . Unstained follicular cell
nuclei are also clearly outlined by the reaction
product contained within their nuclear envelopes.
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Sections of rat thyroids removed during the
19th day of gestation and observed in the elec-
tron microscope further emphasize the tremendous
increase in peroxidase activity (Figs. 8, 9) . The
reaction product is heavily concentrated at the
apical cell borders, dramatically outlining the
microvilli that project into the newly synthesized
colloid. The cytochemical reaction is so intense in
these areas that intracellular sites staining for
peroxidase are faint by comparison (Fig . 9). In
addition to the concentration of reaction product
along the external apical cell surfaces, peroxidase-
stained apical vesicles now appear within the
follicular cells. In thyroids removed during the
18th day of gestation such vesicles were essentially
absent, but in 19- and 20-day fetal thyroids manyFIGURE 6 Sections of thyroid glands in the 18th day of gestation show the cells clustered into groups,
since this is just before the stage of follicle formation . Thyroid peroxidase begins to make its cytochemical
appearance in rat thyroids at this stage of development . The dark reaction product is clearly demon-
strated in the perinuclear cisternae (PC) and the endoplasmic reticulum (ER). The periphery of a lipid
droplet (LD) also displays the cytochemical reaction product. Section stained lightly with lead citrate.
X 9300.
stained apical vesicles are seen in the follicular
cells (Fig. 9) . By a process of exocytosis, these
vesicles apparently transfer their contents exter-
nally (Fig. 10), which could account (at least in
part) for the intense cytochemical reaction product
observed along the apical cell borders.
Intensely stained follicles, such as those in Figs .
8 and 9, also occur in 20-day fetal thyroids, but by
this time most follicles have expanded so that the
dark reaction product remains concentrated at
the outer surfaces of the microvillous membranes
and in the adjacent colloid (Fig . 11). This is also
characteristic of the adult rat thyroid (31) . How-
ever, in the adult gland the follicular cells them-
selves also stain heavily for peroxidase activity
(Fig. 4) .
Biochemical Observations
Sucrose gradients of homogenates from fetal rat
thyroids removed during the 17th and 18th days
of gestation showed no evidence of thyroglobulin
and did not accumulate 1251. The accumulation of
radioactive iodide first became evident during the
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167FIGURE 7 Section from a thyroid gland in the 18th day of gestation showing cellular sites of endogenous
peroxidase activity. The perinuclear cisternae (PC), endoplasmic reticulum (ER), peripheral vesicles
(PV), and an inner Golgi lamella (single arrow) contain the dark reaction product . Cisternae of the
endoplasmic reticulum closely associated with a Golgi region stain markedly (double arrow) . Well-de-
veloped Golgi areas (C) and a cross-sectioned centriole (C) are also evident . Section stained lightly with
lead citrate. X 21,000.
19th day of gestation. At this time, there were tained by centrifuging the samples for 1 hr at
170 cpm/mg protein, or a total of 209 counts in 105,000g.
29 glands. Of these counts, 52.7 0 / 0 were in the
	
There was a sharp increase in 1251 counts in the
supernatant (19S region of the gradient) ob- 19S thyroglobulin region of homogenates from
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THih JOURNAL OF CELL BIOLOGY • VOLUME 51 1971FIGURE 8 Follicular cells from a thyroid gland in the 19th day of gestation that has been incubated for
peroxidase activity. The dark reaction product is heavily concentrated at the apical cell surfaces around
the microvilli which project into newly synthesized colloid . Vesicles in the apical regions of the cells
(arrows) also display evidence of peroxidase activity . Section stained with uranyl acetate and lead.
X 19,000.
thyroids taken during the 20th day of gestation.
During this stage there were 9096 cpm/mg pro-
tein, or 30,926 counts in 46 glands. Of these
counts, 60.5 % were contained in the supernatant
remaining after the samples were centrifuged for
1 hr at 105,000 g .
DISCUSSION
Iodination of the tyrosyl residues in thyroglobulin
is an essential step in the synthesis of thyroid hor-
mones. After being actively transported into the
follicular cell, iodide must be oxidized to a higher
oxidation state before it is able to iodinate tyrosyl
STRUM ET AL . Endogenous Peroxidase in Fetal Rat Thyroid
	
169residues. In the thyroid gland, this is accomplished
in the presence of H202 and is thought to be a
peroxidase-mediated step (see Taurog and Howells
for review of the literature, [33]) . The exact ionic
state of the oxidized iodinating intermediate is
unknown, but it might be an iodinium ion (1+)
or a hypoiodite ion (10-) (7). Although it has been
proposed that an enzyme distinct from thyroid
peroxidase might be required for iodinating the
tyrosyl residues of thyroglobulin (29), more recent
studies indicate that the site of oxidation is also
probably the site of iodination, since the chemical
activity of the oxidized iodide intermediate would
be too great for its free existence in the tissue (37) .
The site within the thyroid follicle in which
170
FIGURE 9 The black cytochemical reaction product indicative of thyroid peroxidase is more clearly
evident in this section of a rat thyroid in the 19th day of gestation that has not been stained by either
uranyl acetate or lead . The surfaces of apical microvilli (arrow) and the colloid immediately next to them
stain heavily. Within follicular cells, vesicles (V) and profiles of endoplasmic reticulum (ER) also contain
peroxidase. X 19,000.
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iodination occurs remains a subject of controversy.
Radioautographic studies employing radioactive
iodide have yielded conflicting results . Several
investigators have reported that very soon after
administering radioactive iodide to animals, the
label (representing protein-bound iodine) appears
concentrated around the periphery of the colloid
(21, 30, 40) ; sections through such follicles often
reveal a ring reaction, and this has been taken as
evidence that iodination occurs extracellularly in
the colloid, near the apical ends of the follicular
cells. In contrast, other investigators have demon-
strated the silver-grain label overlying the follicu-
lar cells (27), suggesting that iodination may occur
within them. High-resolution electron microscopeFIGURED Apical portion of follicular cell from rat thyroid gland in the 20th day of gestation . Membrane-
bounded apical vesicles (AV) contain peroxidase . Apical vesicles appear to release their contents into the
follicular colloid (C) by a process of exocytosis (arrow) . The external membranes of apical microvilli (M)
stain for peroxidase . Section stained lightly with lead citrate . X 49,000.
FIGURE 11 Section through a follicle from rat thyroid in the 20th day of gestation that has been incu-
bated for peroxidase . The storage of more colloid (C) expands the follicles, but peroxidase activity re-
mains concentrated (as a dark reaction product) near the apical microvilli of follicular cells (bracket) .
Stained lightly with lead citrate . X 23,000 .
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171radioautographs have repeatedly shown silver
grains at the cell-colloid interface (19, 30), lead-
ing to the theory that the apical microvillous cell
border is the site at which iodination takes place .
In contrast, biochemical studies have consist-
ently localized thyroid peroxidase activity in a
particulate fraction of thyroid tissue (associated
with mitochondria and microsomes) (1, 3, 4, 11,
12, 16), implicating an intracellular site of iodina-
tion. This correlates with experimental evidence
that isolated follicular cells obtained by tryp-
sinization are able to form iodide-labeled proteins
(13, 25, 28, 34, 35) . These labeled proteins are
primarily iodotyrosines, but small amounts of
iodothyronines have also been detected (13, 35).
Isolated thyroid cells grown in tissue culture in the
presence of 1311 have also been reported to form
very small amounts of iodinated proteins, in-
cluding T3 and T4 (13, 28). These findings indicate
that the follicular cell is capable of incorporating
radioiodide into organic combination, but the
very small amounts of detectable T3 and T4
suggest that most enzymes necessary for the for-
mation of these active hormones lie at the cell
membrane or in the colloid itself. Trypsinization
might easily damage enzymes of the cell mem-
brane and could explain why silver grains (repre-
senting iodinated proteins) are not found over-
lying the plasmalemma in isolated follicular
cells (34) .
As a new approach to identifying the in vivo
site of iodination within the thyroid follicle, we
applied a cytochemical technique for thyroid
peroxidase to adult rat thyroid (31) . However, in
the adult gland it was difficult to separate sites of
synthesis from sites of iodination. For this reason,
fetal thyroids were selected for the present study
in order to pinpoint the time in development at
which the differentiating cells first display evi-
dence of thyroid peroxidase and become capable
of iodinating thyroglobulin (in the process of
hormone synthesis) .
Our cytochemical observations of thyroid
peroxidase activity suggest that its route of syn-
thesis is similar to that of thyroglobulin (6, 10,
23, 31). The protein moiety of peroxidase is syn-
thesized in thé rough endoplasmic reticulum and,
as we have observed, the cytochemical reaction
product is characteristically found in the cisternae
of this organelle. Peroxidase staining within only
the inner few Golgi lamellae implies that the
enzyme receives carbohydrate groupings at this
172
	
THE JOURNAL OF CELL BIOLOGY . VOLUME 51, 1971
site (24). Carbohydrate has been identified in
bovine thyroid peroxidase (32) . The presence of
peroxidase in apical vesicles is commonly ob-
served in differentiated follicular cells . Radio-
autographic evidence (10, 23) and biochemical-
morphological findings (6) indicate that apical
vesicles are associated with the transport of thyro-
globulin to the follicular lumen. The present
study suggests that a population of apical vesicles
also seems to provide a route for the transfer of
peroxidase to the outer cell membrane surface
and/or into the colloid (by a process of exocytosis,
see Fig. 10) .
The site at which iodination occurs is not so
obvious as the pathway of peroxidase synthesis.
If an organelle within the follicular cell, such as
the endoplasmic reticulum, were the primary site
of iodination, one would perhaps expect to ob-
serve a noticeable increase in cytoplasmic staining
as hormone synthesis begins. This is not observed
in fetal rat thyroids when hormone synthesis
commences during the 19th and 20th days of ges-
tation. However, a marked cytochemical staining
alteration does occur in fetal rat thyroids at this
time. The surfaces of the apical microvilli and the
colloid just adjacent to them now stain intensely
for peroxidase activity. The dark reaction product
is so concentrated at this site that all other cellular
sites staining for the activity of the enzyme are
pale by comparison (see Figs. 8 and 9). Even at
the light microscope level, sections clearly reveal a
heavy concentration of reaction product at the
cell-colloid interface (Fig . 3). Correlated with this
intense apical border staining are increased num-
bers of peroxidase-stained apical vesicles, which
were rare in follicular cells from thyroids in the
18th day of gestation. Morphological evidence
indicates that apical vesicles release their con-
tents into the colloid (Fig. 10) and might well
account for the presence of the dark reaction
product in the colloid just next to the microvilli.
Our biochemical findings further substantiate
these cytochemical observations. Thyroids in the
17th day of gestation showed no iodinated thyro-
globulin, and the cells did not stain for peroxidase
activity. In the 18th day of gestation, follicular
cells began to show cellular sites of peroxidase
staining, but their sparse microvilli and the
scanty colloid-like material seen accumulating
just outside of them showed no evidence of per-
oxidase activity. Moreover, iodinated thyroglobu-
lin was not yet biochemically detectable in sucrosegradients of thyroids removed at this stage of
development.2 It would appear that peroxidase is
being synthesized by follicular cells during this
time, but it presumably is not yet functioning in
the iodination reactions of thyroid hormone bio-
synthesis (at least not to an extent where our
technique can measure it) .
During the 19th day of gestation, iodinated
thyroglobulin becomes biochemically detectable.
This coincides with the sharp increase in peroxi-
dase activity that is observed cytochernically
along the apical cell borders. Apparently, the
peroxidase is now functioning in hormone synthesis
to catalyze reactions that result in the iodination
of thyroglobulin. The intense apical cell border
staining for peroxidase is sustained throughout the
20th day of gestation when biochemically there is
a striking increase in iodinated thyroglobulin and
when follicle formation is well underway . These
observations indicate that a marked cytochemical
increase in peroxidase activity just slightly pre-
cedes, but also overlaps, the rapid rise in iodinated
thyroglobulin. This correlation could be coinci-
dental, but biochemical investigations have dem-
onstrated the ability of thyroid peroxidase to
iodinate tyrosine in vitro (3, 4, 16, 29). For this
reason, and because of the findings reported here,
it is concluded that endogenous thyroid peroxi-
dase functions in vivo to catalyze the oxidation
reactions that result in the iodination of thyro-
globulin.
The experimental results obtained by many
investigators (5, 15, 22, 23, 36) indicate that the
enzymes for the iodination of thyroglobulin exist
in the colloid, rather than within the follicular
cells. Our cytochemical observations do not sup-
port this theory completely, for the following
reasons. If the enzymes for iodination occur within
the colloid, one would expect peroxidase activity
2 The possibility that placental transfer was respon-
sible for our not finding 1251 accumulation in thyroids
taken during the 17th and 18th day of gestation was
also considered. There are conflicting reports in the
literature regarding the ability of fetal thyroids to
concentrate iodide. However, Feldman et al. (8)
reported that 1311 was available to rats as early as the
17th day of gestation (which would correspond to our
18th day). From the best evidence available, we
believe that, at the gestation times we were studying,
radioactive iodide was within the same range on both
sides of the placenta and should have been available
or uptake by the fetal thyroid gland .
to be dispersed evenly throughout the colloid
contained within the follicles, but this is not
observed (see Fig. 3) . Peroxidase activity is asso-
ciated only with colloid just next to the external
surfaces of apical microvilli . Therefore, it appears
that the peroxidase is, for the most part, probably
bound to the cell membrane or cell coat thus pre-
venting its diffusion into the interior of the follicu-
lar colloid. The presence of peroxidase activity at
the apical cell border can be accounted for by the
process of exocytosis from apical vesicles . In fact,
by exocytosis, the inner surface of the membrane
of a peroxidase-positive apical vesicle would con-
tribute to, and become a part of, the outer cell
membrane surface. However, the exact time at
which iodination occurs in this process cannot be
ascertained in the present investigation . Apical
vesicles have been shown to contain thyroglobulin
in transport to the follicular lumen (10, 23), and
because peroxidase activity is associated with
apical vesicles it is possible that iodination might
occur within them. However, from our observa-
tions that the greatest concentration of peroxidase
reaction product is associated with the surfaces of
apical microvilli and the cell border, it would
appear that the apical cell membrane is the major
site of iodination within the thyroid follicle.
The authors wish to thank Miss Pat Borys for tech-
nical assistance and Mr. Eduardo Garriga for photo-
graphic help.
This work was supported by Training Grant
GM-01235 and Grants HE-09125 and AM-10992
from the National Institutes of Health, United States
Public Health Service .
Received for publication 7 January 1971, and in revised
form 11 March 1971.
REFERENCES
1. ALEXANDER, N. M., and B. J. CORCORAN. 1962.
The reversible dissociation of thyroid iodide
peroxidase into apoenzyme and prosthetic
group. J. Biol. Chem. 237 :243.
2. BENNETT, H. S., and J. H. LUFT. 1959. s-Colli-
dine as a basis for buffering fixatives . J. Bio-
phys. Biochem. Cytol. 6:113.
3. COVAL, M. L., and A. TAUROG. 1967. Purifica-
tion and iodinating activity of hog thyroid
peroxidase. J. Biol. Chem. 242:5510.
4. DEGROOT, L. J., and A. M. DAVis. 1962. Stud-
ies on the biosynthesis of iodotyrosine : a
soluble thyroidal iodide-peroxidase tyrosine-
iodinase system. Endocrinology. 70:492.
STRUM ET AL. Endogenous Peroxidase in Fetal Rat Thyroid
	
1735. DONIACH, I., and S. R. PELC. 1949. Autoradio-
graphs with radioactive iodine. Proc. Roy.
Soc. Med. 42:957.
	
21,
6. EKHOLM, R ., and U. STRANDBERG. 1968. Stud-
ies on the protein synthesis in the thyroid.
III. In vivo incorporation of leucine- 3H into
thyroglobulin of microsomal subfractions of
the rat thyroid. J. Ultrastruct . Res. 22 :252.
7. FAWCETT, D. M., and S. KIRKWOOD. 1953.
Mechanism of the antithyroid action of iodide
ion and of the aromatic thyroid inhibitors. J.
Biol. Chem. 204:787.
	
23 .
8. FELDMAN, J . D., J . J . VAZQUEZ, and S. M.
KURTZ. 1961 . Maturation of the rat fetal
thyroid. J. Biophys. Biochem. Cytol. 11 :365 .
9. GORBMAN, A ., and H. M. EVANS. 1943. Beginning 24.
of function in the thyroid of the fetal rat .
Endocrinology. 32:113.
	
25.
10. HADDAD, A. 1970. Radioautographic localiza-
tion in vivo of 3H-fucose in follicular cells of 26.
the rat thyroid gland . Anat. Rec. 166:312.
11 . HosoYA, T., Y. KONDO, and N. UI. 1962. Per-
oxidase activity in thyroid gland and partial 27.
purification of the enzyme. J. Biochem. (Tokyo) .
52:180.
12. HosoYA, T., and M. MORRISON. 1967. A study
of the hemoproteins of thyroid microsomes 28.
with emphasis on the thyroid peroxidase.
Biochemistry. 6:1021.
13. HUNG, W., and T. WINSHIP. 1964. Hormone
synthesis by normal human thyroid cells in 29.
tissue culture . Proc. Soc. Exp. Biol. Med. 116:
887.
14. KARNOVSKY, M . J. 1965. A formaldehyde-glu- 30.
taraldehyde fixative of high osmolality for use
in electron microscopy. J. Cell Biol. 27:137A.
(Abstr.)
15. KAYES, J., A. B. MAUNSBACH, and S. ULLBERG. 31.
1962. Electron microscopic autoradiography
of radioiodine in the thyroid using the extra-
nuclear electrons of 1125. J. Ultrastruct. Res.
7:339.
	
32.
16. KLEBANOFF, S . J., C. YIP, and D. KESSLER.
1962. The iodination of tyrosine by beef
thyroid preparations. Biochim. Biophys. Acta.
	
33.
58 :563.
17. LOWRY, O. H., H. I. ROSEBROUGH, A . L. FARR,
and R. J. RANDALL. 1951. Protein measure-
ment with the Folin phenol reagent. J. Biol. 34.
Chem. 193:265.
18. LUFT, J. H. 1961 . Improvements in epoxy resin-
embedding methods. J. Biophys. Biochem.
Cytol. 9:409.
19. LUPULESCU, A., D. ANDREANI, and M. ANDREOLI. 35.
1967. Thyroglobulin: synthesis, iodination
and hydrolysis . Folia Endocrinol. 20:385.
20. MILLONIG, G. 1962. Further observations on a
174
	
THE JOURNAL OF CELL BIOLOGY • VOLUME 51, 1971
phosphate buffer for osmium solutions in fixa-
tion. Proc. 5th Int. Congr. Electron BVticrosc. 2:P-8.
NADLER, N. J. 1965. Iodination of thyroglobulin
in the thyroid follicle . In Proceedings 5th In-
ternational Thyroid Conference, Rome. Cur-
rent Topics in Thyroid Research. C. Cassano
and M. Andreoli, editors . Academic Press
Inc., New York. 73.
22. NADLER, N. J., and C. P. LEBLOND. 1955. The
site and rate of formation of thyroid hormone.
The thyroid, Brookhaven Symp . Biol. 7:40.
NADLER, N. J ., B. A. YOUNG, C. P. LEBLOND,
and B. MITMAKER. 1964. Elaboration of thy-
roglobulin in the thyroid follicle . Endocrinology.
74:333.
NEUTRA, M., and C. P. LEBLOND . 1969. The
Golgi apparatus. Sci. Amer. 220:100.
PASTAN, I. 1961 . Certain functions of isolated
thyroid cells. Endocrinology. 68:924.
PITT-RIVERS, R., and R. R. CAVALIERI. 1964.
Thyroid hormone biosynthesis. Thyroid Gland.
1:87.
PITT-RIVERS, R., J. S. F. NIVEN, and M. R.
YOUNG. 1964. Localization of protein-bound
radioactive iodine in rat thyroid glands
labeled with 1251 or 1311. Biochem. J. 90:205.
PULVERTAFT, R. J. V., J. R. DAVIES, L. WEISS,
and J. H. WILKINSON. 1959. Studies on tissue
cultures of human pathological thyroids . J.
Pathol. Bacteriol. 77:19.
SERIF, G. S., and S . KIRKWOOD. 1958. Enzyme
systems concerned with the synthesis of
monoiodotyrosine. J. Biol. Chem. 233:109.
STEIN, O., and J. GROSS. 1964. Metabolism of
1251 in the thyroid gland studied with electron
microscopic autoradiography . Endocrinology .
75:787.
STRUM, J. M., and M. J. KARNOVSKY. 1970.
Cytochemical localization of endogenous per-
oxidase in thyroid follicular cells . J. Cell Biol.
44:655.
TAUROG, A. 1970. Thyroid peroxidase and thy-
roxine biosynthesis. Recent Progr. Hormone Res.
26:189.
TAUROG, A ., and E. M. HOWELLS. 1966. En-
zymatic iodination of tyrosine and thyroglobu-
lin with chloroperoxidase . J. Biol. Chem.
241:1329.
TIXIER-VIDAL, A., R. PICART, L. RAPPAPORT,
and J. NUNEZ. 1969 . Ultrastructure et auto-
radiographie de cellules thyroidiennes isolées,
incubées en présence de 1251. J. Ultrastruct.
Res. 28:78.
TONG, W., P. KERKOF, and I . L. CHAIKOFF.
1962. Iodine metabolism of dispersed thyroid
cells obtained by trypsinization of sheep
thyroid glands . Biochim. Biophys. Acta. 60:1 .36. VAN HEYNINGEN, H. F., and E. SANDBORN.
1963. Site of iodine-binding in rat thyroid as
shown by radioautography with 1125. J.
Appl. Physics. 34:2525.
37. VAN ZYL, A., and H. EDELHOCH. 1967. The
properties of thyroglobulin. XV. The function
of the protein in the control of diiodotyrosine
synthesis. J. Biol. Chem. 242:2423.
38. VENABLE, J. H., and R. A. COGGESHALL. 1965.
A simplified lead citrate stain for use in elec-
tron microscopy . J. Cell Biol. 25 :407.
39. WATSON, M. L. 1958. Staining of tissue sections
for electron microscopy with heavy metals . J.
Biophys. Biochem. Cytol. 4:474.
40. WOLLMAN, S. H., and I. WODINSKY. 1955.
Localization of protein-bound 1131 in the
thyroid gland of the mouse. Endocrinology.
56:9.
STRUM ET AL. Endogenous Peroxidase in Fetal Rat Thyroid 175